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Abstract: Cleaved NiO(1 0 0) surfaces were imaged with atomic force microscopy (AFM) to determine defect concentrations and
morphology. Random (0 1 0) and (0 0 1) oriented steps, which have been previously characterized, were the most common defect
observed on the cleaved surface and formed with step heights in multiples of 2.1 Å, the Ni–O nearest-neighbor distance, and terrace widths in the range of 25–100 nm. In addition, the surface showed novel mesoscale (~0.5–2 μm) square pyramidal defects
with the pyramid base oriented along (1 0 0) symmetry related directions. Upon etching, the pyramidal defects converted to more
stable cubic pits, consistent with (1 0 0) symmetry related walls. The square pyramidal pits tended to cluster or to form along step
edges, where the weakened structure is more susceptible to surface deformations. Also, a small concentration of square pyramidal pits, oriented with the base of the pyramid along (0 1 1), was observed on the cleaved NiO surfaces. For comparison purposes, chemical mechanical polished (CMP) NiO(1 0 0) substrates were imaged with AFM. Defect concentrations were of comparable levels to the cleaved surface, but showed a different distribution of defect types. Long-ranged stepped defects were much less
common on CMP substrates, and the predominant defects observed were cubic pits with sidewalls steeper than could be accurately measured by the AFM tip. These defects were similar in size and structure to those observed on cleaved NiO(1 0 0) surfaces
that had been acid etched, although pit clustering was more pronounced for the CMP surfaces.
Keywords: Nickel oxide, Scanning probe techniques, Surface structure, Surface morphology, Topography

Transition metal oxides (TMO) are relevant to a wide
range of heterogeneous applications, both as bulk materials and as overlayers that form on ambient-exposed transition
metal substrates. The surface properties of these materials, in
turn, are often highly influenced by surface defect structure
[1], [2], [3] and [4]. Defects have been shown to be important
in TMO electronic, magnetic, and chemical properties and
span a wide range of scale, including oxygen vacancies [1],
[2], [3], [5], [6], [7] and [8], metal interstitials and adatoms
[1] and [9], crystal shear planes [4] and [10], step-defects [4],
[10], [11] and [12], meso- to macroscopic scale pits, protrusions, and related large-scale imperfections [13], [14] and
[15], the latter of which often have a complicated morphol-

ogy with a range of atomic-scale defects in their own right
[16], [17], [18] and [19]. The surface defect nature may be influenced by bulk structure and impurity concentration [1], [4]
and [20], introduced by surface preparation methods [12] and
[21], or result from chemical reactivity and corrosion properties of the substrate surface [1], [2], [3], [5], [6] and [22].
For single crystal TMOs, surface integrity is dependent
upon sample preparation, and protocols developed for these
materials generally include either crystal cleavage or chemical mechanical polishing (CMP). NiO(1 0 0) is a prototypical
rocksalt oxide that can be produced by either method in high
quality, since its (1 0 0) orientation represents a very stable
cleavage plane due to the closest-packed, nonpolar nature of
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the surface and since it also responds favorably to annealing
treatments following CMP without change in chemical composition due to the very stable nature of octahedral Ni2+ in the
solid state. Among its numerous materials applications, nickel oxide is an active component in mixed-metal oxide partial
oxidation catalysis [23], [24], [25] and [26], in chemical sensor technology [27], [28], [29], [30] and [31], and as a cathode
base material in solid oxide fuel cells [32], [33], [34] and [35],
and high temperature power generation [36] and [37]. Its bulk
antiferromagnetic nature lends itself to use in coupled layer
magnetic storage media [38], [39] and [40] and the magnetic
behavior of NiO nanoparticles is suitable for spin valves important in the rapidly developing field of spintronics [41], [42],
[43] and [44]. NiO surface properties have been well investigated [19], [45], [46], [47], [48], [49], [50], [51], [52], [53]
and [54] and the band structure [55], [56], [57], [58], [59],
[60] and [61] and crystallography of the ideal surface [62]
and [63] are well-known. The NiO(1 0 0) cleavage plane [45],
[62], [63] and [64] can produce, to within reasonable tolerances, well-ordered, stoichiometric substrates although cleaved
surfaces have been reported to contain randomly-spaced step
defects, approximately 25–100 nm apart, with the step heights
in multiples of 2.1 Å, the Ni–O nearest-neighbor distance [52]
and [54]. These features have not, however, been extensively
characterized.
We present here atomic force microscopy (AFM) data that
indicate even high quality NiO(1 0 0) surfaces contain small
numbers of micrometer to sub-micrometer scale cubic and
square pyramidal pit defects, in addition to long range, randomly-spaced step defects which we show are clearly related
to the underlying (1 0 0) substrate symmetry and are influential in subsequent pit defect formation and structure. The most
prevalent morphology of the square pyramidal defect forms
with its base parallel to (0 0 1) and (0 1 0) and nominally consistent with four symmetrically equivalent sets of (0 1 1) surface walls. A less prevalent orientation, with the base rotated 45° from (0 0 1) and (0 1 0) with (1 1 1) walls, is also seen
at about 15% of the total pit defect concentration. While pit
defects persist after chemical mechanically polishing, their
predominant morphology is cubic in form, with (0 0 1) and
(0 1 0) walls and flat (1 0 0) bottoms. Similar cubic pit defect
structure is observed after acid etching of cleaved NiO(1 0 0)
substrates. The results indicate that mesoscale step and pit defects are prevalent on this rocksalt TMO substrate and that the
three dimensional nature of their structure is surprisingly wellordered and easily related to bulk symmetry considerations.
The NiO samples were cleaved from a single crystal
boule (First Reaction, Hampton Falls, NH) in air immediately prior to atomic force microscopy (AFM) to produce substrates with the surface normal oriented along the (0 0 1) direction. For comparison, cut and polished NiO(1 0 0) surfaces also were studied. The polished samples, approximately 10 mm × 10 mm × 2 mm, were taken from the same boule,
oriented with back Laue diffraction to within 0.25° of (0 0 1),
and chemically mechanically polished (CMP) to a high luster
using standard polishing methods [65] and [66]. Representa-
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tive samples were then analyzed for surface order and stoichiometry using complementary surface sensitive techniques in
ultrahigh vacuum (UHV) [67].
AFM images of the NiO(1 0 0) substrates were obtained
with one of two Digital Instruments (VEECO) Nanoscope
E systems. The AFM images were acquired in air in contact mode using a silicon nitride (Si3N4) tip (spring constant
k = 0.12 N/m, VEECO) with 512 × 512 line resolution. Scan
size was varied from survey scans at 50–100 μm to higher resolution scans of features of interest ~1 μm in dimension. The
only processing performed on the images reported here was
flattening.
The freshly cleaved (1 0 0) surface shows varying step
height defects (Fig. 1) with random terrace widths ranging
primarily from 25 to 100 nm in spacing, along with sparsely distributed pyramidal, “star” shaped pits at approximately 1.0 × 10−2 defects/μm2. The steps run along either (1 0 0)
or (0 1 0) directions, and while some steps seem eventually to
deviate from these stable lattice directions, the “curved” segments are actually composed of a series of sequential (0 0 1)
and (0 1 0) steps and kinks to give rise to the long-ranged,
curved appearance. Step densities, step heights and terrace
widths are in agreement with those previously reported for
air-cleaved NiO(1 0 0) [54].
The star-shaped surface features are shown in greater detail in Fig. 2 to be pits with nominally square pyramidal shape
consistent with (1 1 0) symmetry-related walls, and have not
previously been reported for air-cleaved rocksalt monoxide samples [54]. Pit widths ranging from 400 to 2500 nm
and depths from 40 to 570 nm were observed on the freshly
cleaved NiO(1 0 0) surfaces. The square pyramidal pits were
not randomly distributed throughout the surface, but tended to form in clusters and along step edges. A convolution of
the defect shape with the cone angle and shape of the probe
tip makes it difficult to determine the angle between the faces precisely [68]. However, the angle of opposite faces in the
square pyramidal defect (Fig. 2c) is consistent with the 90° angle expected between the symmetry related (1 1 0) planes after convolution with the AFM tip shape. Cross-sectional profiles shown below also support this model of the defect structure. It should be noted that the (1 1 0) faces of these “pyramidal” defects are not perfectly formed, in part because there are
step defects along the faces that distort the pyramid walls.
In addition to the defect shape, the AFM images also provide information about the orientation of the defects. As shown
in Fig. 1, the (0 0 1) and (0 1 0) oriented steps are easily identifiable in AFM and provide a reliable reference for determining the orientation of features that have formed on NiO(1 0 0).
Step edge referencing also avoids inaccuracies resulting from tip
size and shape effects, which limit the accuracy of the wall angle
measurements above. Fig. 1c and d show the pyramid base oriented along the (0 0 1) and (0 1 0) rocksalt lattice directions and
parallel to the steps of the cleaved NiO(1 0 0) sample. The lowest Miller index surface (Fig. 3) that fits this requirement is the
(1 1 0) crystal face, a moderately close packed, charge-neutral
surface, although not as efficient in balancing cation/anion Cou-
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Figure 1. AFM images of freshly cleaved NiO(1 0 0) surfaces in air with steps running along the (1 0 0) and (0 1 0) directions (a) in height
mode and (b) deflection mode, with the inset showing a detailed expansion of steps and kinks, and a wider range scan in (c) height mode and
(d) deflection mode showing scattered pyramidal defects.

Figure 2. AFM of a freshly cleaved NiO(1 0 0) surface in (a) height mode and (b) in deflection mode showing several star-shaped pyramidal
pits and a trough (lower right hand corner) in which the pit defect has only formed (1 1 0) walls along one crystallographic direction. The circled feature in (a) is a 45° rotated pyramid. In (c), a cross-sectional profile is taken through the large square pyramid along the scan line shown
in red in (a).

lombic forces as the (1 0 0) cleavage plane. However, metastable surface orientations are often observed when activation barriers to form lower energy planes are prohibitive, for example in
vicinally-stepped substrates produced by cutting at a small angle

relative to a stable surface plane [67], [69], [70] and [71] and in
epitaxial thin films templated by an underlying, stable substrate
[72], [73], [74] and [75]. The random, naturally occurring steps
observed here for NiO(1 0 0) are another example of metastable
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Figure 3. Models of the square pyramid defect structure of NiO(1 0 0) for square pyramidal pits in which (a) bases are oriented along (0 0 1)
with (1 1 0) surface planes and (b) bases are oriented along the (0 1 1) with (1 1 1) surface planes. The rocksalt surface termination structures
for the (c) (1 1 0) and (d) (1 1 1) faces also are shown.

features. Diffusion from step-edge to step-edge could, in principle, create a flat, step-defect free substrate, but diffusion rates
are insufficient at room temperature to mobilize the surface atoms to flatten the stepped surface, and the steps are stable over
the course of the AFM imaging experiment.
A small number (<15%) of the square pyramidal pit defects were observed on the cleaved NiO(1 0 0) substrate
with the pyramidal base rotated by 45° from the (0 1 0) and
(0 1 0) directions (Fig. 2). The circled feature in Fig. 2a
shows a shallow square pyramidal pit defect, about 30 nm
deep, in which the square pyramidal base is rotated by
45° in relation to the main defect orientation of the larger,
(1 1 0)-walled, pit to its right. A square pyramid oriented in
this manner should have (1 1 1) sidewalls (Fig. 3b) if it is to
produce a close packed surface plane consistent with base
orientation of (0 1 1) and < 0 1 1¯ >. Although the (1 1 1)
rocksalt plane fits these requirements, it produces a polar
surface with alternating hexagonal layers of cations and anions (Fig. 3d). NiO(1 1 1) might, therefore, not be expected to be particularly stable for surface termination, and thus
in surface defect formation. However, NiO(1 1 1) surfaces
have been reported in metastable form in the literature [72],
[76] and [77] although their formation has been generally
accompanied by some sort of surface stabilization such as
hydroxylation [72] and [76] or reconstruction of the outermost layer [77] to stabilize the strong Coulombic repulsion
expected from simple bulk termination.
Etching the cleaved NiO(1 0 0) surface in H2SO4 introduces new morphology in defect structure. After 10 min in 40 °C
H2SO4 (Fig. 4), cubic pits with well-formed “flat bottoms” are

observed. This is expected if the (1 1 0) walls are etched away
resulting in the formation of the more stable (1 0 0) plane at
the base of the defect. The circled feature in Fig. 4a shows an
example of well-formed cubic defects and the cross-sectional profile (Fig. 4c and d) clearly indicates cubic shape. Square
pyramidal pits are still observed but show evidence of etching and the formation of flat, (1 0 0) bottom faces as well. Particularly interesting is the defect that has formed along a step
edge (boxed feature in Fig. 4a). The steps on the NiO surface
are clearly apparent and track the observed step structure outside the defect as shown in the three cross-sectional profiles
(Fig. 4e and f) at different positions along the length of the defect. The scan perpendicular to the step along the line that includes the square pyramid’s apex also shows the step structure
to be superimposed upon the square pyramid defect wall, although the steeper slope of the defect wall at the apex makes
the step structure harder to resolve given the finite dimensions
of the AFM tip.
For comparison to the defect structure of the cleaved surface, chemical mechanical polished NiO(1 0 0) substrates also
were studied. The samples were previously characterized in
UHV [67], but had been stored in ambient laboratory air for
a period of several days to several weeks. The CMP surfaces gave comparable AFM results, regardless of length of time
exposed to the ambient. Unlike the cleaved NiO(1 0 0) substrate, step defects are not easily identified on CMP surfaces, and clusters of cubic defects, consistent with (0 0 1) sidewalls are observed with an average depth of 300 nm (100 nm
standard deviation) and an average width of 1000 nm (300 nm
standard deviation). The average pit depth and width are sim-
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Figure 4. AFM of cleaved NiO(1 0 0) after 10 min in 40 °C H2SO4 in (a) height mode and (b) deflection mode for a cluster of pits. The red circle indicates a well-formed cubic pit, enlarged in (c) the height mode and (d) the corresponding cross-sectional line profiles along the two symmetry related (1 0 0) and (0 1 0) directions. Preservation of the step structure within the pit from the blue square in (a) is shown in an enlarged
(e) height image with the cross-sectional profiles (f) through the apex and side of the pit.

ilar to the larger (0 1 1)-walled defects found on the cleaved
surface. The (0 0 1)-walled defects on the CMP NiO(1 0 0)
surface tend to cluster, as shown in Fig. 5a and c, and the line
scan analysis of an individual pit (Fig. 5e and g) indicates that
the walls and the bottom are square and flat, aside from the
distortion expected from the convolution with the shape of the
probe tip.
In the CMP process, abrasive particles can embed themselves into the surface and spin deep into the substrate resulting in non-uniform pits of varying widths and depths [66].
Pits tend to form in weakened areas of the surface [65] and
[66] and once the initial surface pit is formed, the surface surrounding the pit is further weakened, making it easier for other pits to form. This results in the clustering of pits shown in
Fig. 5a, which clearly depicts regions of high and low pit density. Liquids are used in the CMP process to suspend the pol-

ishing abrasive and to act as a lubricant; however, they also
can result in substrate etching. In the present studies, the CMP
slurry composed of Al2O3, ultrapure spectrophotometric grade
white glycerin, and distilled water has etched the surface resulting in cubic, (1 0 0)-walled, flat-bottomed defects similar in morphology to the acid-etched NiO(1 0 0) cleaved substrates.
NiO(1 0 0) surfaces have been imaged with AFM and present novel, symmetric square pyramidal and cubic defect structures not previously reported for rocksalt oxide substrates.
The cleaved surfaces were dominated by random step defects
that formed along stable (0 0 1) and (0 1 0) directions, but also
showed square pyramidal pits with (0 1 1) walls. Etching the
NiO(1 0 0) surfaces, either by acid treatment of cleaved substrates or undesired side reactions during chemical mechanical polishing, resulted in (0 1 0) and (1 1 0)-walled cubic pits
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Figure 5. AFM of CMP prepared NiO(1 0 0) surface in (a) height mode and (b) deflection mode for an 100 μm image that shows areas of low
and high pit density, (c) height mode and (d) deflection mode a cluster of pits covering ~40 μm region, and (e) the height mode and (f) deflection mode image of the individual pit circled in red in (d) with the corresponding (g) cross-sectional line profiles, indicating the walls and the
bottom of these pits are square and flat. Each defect on this scale, when expanded, shows a cluster structure similar to that of (a).

with nominally flat (1 0 0) bottoms and very low numbers of
random step defects. Surface defects tended form in weaken

areas of the surface, which resulted in clustering of pits defect
among each other and along step defects.
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